Abstract In this paper, the results of the thermogravimetric tests reduction of lead and zinc sulphates by hydrogen are presented. Tests performed under isothermal conditions allowed to determine the effect of temperature on the formed products of the reaction. The temperatures at which the maximum content of sulphides present in the products of reduction were determined. For the reduction of lead sulphate, value of the activation energy of the process and the participation of partial reactions in the process were determined.
Introduction
This paper represents a fragment of the research on the reduction of metal sulphates. In the literature, the problem of thermal reduction of metal sulphates is quite simply treated. Research using CO for the reduction is presented only by the authors [1] . They concern the reduction of magnesium sulphate. The results of the metal sulphates reduction by hydrogen were presented in the papers [2, 3] . The authors indicate the reduction temperature range and products obtained in these temperatures. However, these results are rather qualitative, without going into the chemical and phase composition of the process products. Vijh [4] presents an analysis of the sulphate reduction temperature dependence of the selected physicochemical parameters.
The study presented here is a continuation of the study of the reduction of the lead sulphate. The results of the previous study [5] concerning the reduction of lead sulphate PbSO 4 by CO show that the first process is the formation of lead sulphide which then reacts at the interface of the phases with the sulphate. The range of the temperatures (893-1073 K) for which the lead sulphate reduction was conducted suggests that for the reaction between the original product, i.e. PbS, and PbSO 4 , a basic lead sulphate PbOÁPbSO 4 should be formed [6] . Then, this product will undergo further reduction, and as a result, the metallic lead and lead sulphide will be formed. Therefore, the reaction scheme of this process will have the following form:
Continuation of research on the reduction of basic lead sulphate is shown in Małecki [7] . This work relates to the research on the reduction of lead sulphate PbSO 4 and zinc sulphate ZnSO 4 in a hydrogen atmosphere under isothermal conditions. The applied thermogravimetric method allowed us to perform calculations of phase composition of the reaction products and determine the contribution of each simple reaction in the whole process. This made it possible to determine the temperatures at which in the products is formed the largest amount of sulphides.
Methodology of the study
For the research, were used lead and zinc sulphates of analytical grade. Zinc sulphate contains 7 water molecules, and before the reduction, the process was subjected to dehydration at a temperature of 723 K. Preliminary investigations carried out with increasing temperature allowed us to determine the temperature range for isothermal measurements. They have been defined the temperature range for the lead sulphate at 873-973 K, and for zinc sulphate at 853-973 K.
Investigations on reduction of lead and zinc sulphates were carried out by thermogravimetry method using Thermal Analyzer TA-1 Mettler. A sample of defined mass is placed in a furnace through which flowed hydrogen at the amount of 15 dm 3 h -1 . The stream of flowing hydrogen was selected so that it did not affect the process rate. The temperature in the furnace was controlled by a PtRhPt thermocouple placed directly underneath the tested sample. The sample was heated to isothermal temperature with rate of 25°min -1 . During the process, the sample mass change was recorded over time. Masses of sulphate samples were practically identical for each temperature measurement and amounted approximately 300 mg. Process time was measured from the moment of insertion of the sample into the furnace to establishment of a constant mass. Each measurement was repeated three times, and the results were averaged.
The recorded mass losses indicate that in the case of lead sulphate reduction, the total sample mass change is between the values of the reaction course from lead sulphide to lead metal, whereas the mass loss of the zinc sulphate reduction is between the values of the reaction course from zinc sulphide to zinc oxide. In the first case, phase analysis indicated only the occurrence of lead sulphide and metallic lead in products, while in the second case zinc sulphide and zinc oxide.
Analysis of the experimental results

Lead sulphate reduction
The change in sample mass recorded at the time of measurements allowed us to determine the relative mass loss of the samples after a specified time of the experiment. Results obtained from the calculation are shown in Fig. 1 . Due to the fact that the X-ray phase analysis showed only the occurrence of lead sulphide and metallic lead in reaction products, the relative mass loss in case if the products contain only PbS or only metallic lead was marked by solid lines in the figure.
The presented dependency shows significant effects of temperature on the rate of lead sulphate reduction process. At maximum rates of the process, the temperature change of 25°causes a twofold increase in the relative mass loss of the sample. Because in every temperature the process was carried out to obtain a constant mass, it is possible to determine the maximum mass change for each temperature. These results are located within a relatively narrow range of 25.5-26.5 %, but they show a clear trend confirmed by repeated measurements at the same temperatures. This translates directly to the amount of PbS and Pb in the reaction products. This dependence for the PbS participation in products is shown in Fig. 2 .
The percentage of PbS in products was calculated from the relationship:
PbSO4!Pb PbSO 4 !PbS -the relative mass loss of the sample corresponding to the transformation PbSO 4 to PbS. This dependence implies that the largest quantities of lead sulphide are obtained at 923 K, and both above and below this temperature the amount of metallic lead obtained increases. It is worth noting that in triplicate measurement for the same isothermal temperature obtained, values of relative mass loss differed by ±0.1 %. Thus, differences in the maximum mass loss do not arise from measurement errors, but only from the result of the reaction occurring during the process. Character of the relationship results from a series of simultaneously running reactions. Due to the variation of their rate under certain temperature conditions, which also depends on the ratio of substrates, their cumulative effect is so different. A slightly different character of similar correlations was obtained for reduction of PbSO 4 by CO [4] . In this case, a greater difference is noted in the mass loss of samples, and therefore greater differences in the amounts of the various reaction products.
Additionally, with decrease in the proportion of CO in the gaseous phase, only metallic lead can be obtained.
In the following discussion, it was assumed that in the system run the following reactions:
Due to the presence of the reducer and experimental temperatures, the following reaction was not taken into account
Assuming such course of processes, with the knowledge of the products composition resulting from the sample mass loss during the process, we can calculate the distribution of PbSO 4 on the individual reactions. The calculated values are presented in Table 1 . These indicate that the reduction of sulphate to sulphide rises up to the temperature of 923 K and decreases thereafter. Unreacted amount of lead sulphate calculated from the difference in mass balance is about 1 %.
Continuing the calculation can determine the contribution of individual reactions (3)-(5) in the total mass loss of the sample. These results are shown in Table 2 . With these data, and assuming that the rate of reaction progress is not altered during the process, the kinetic curves of the individual partial reactions were determined. They are presented in Figs. 3-5. Relationships with these drawings show how the contribution of each reaction changes depending on the process temperature. The highest participation of reduction reaction of sulphate to sulphide at a temperature of 923 K may indicate the highest rate of the reaction under these conditions. Decreasing participation of sulphate reduction reaction at higher temperatures may indicate a significant increase in the rate of secondary reactions, in particular the reaction between lead sulphide and sulphate.
The total conversion degrees were used to determine the kinetic equation describing the process. The calculations were performed for different kinetic equations [8, 9] . The best fit of the experimental data was obtained for the equation in the form [9] :
where a-degree conversion, k-constant proportional to the reaction rate, t-process duration, A-initial ordinate. The process of calculated regression equations on background experimental points for different temperatures of the process is shown in Fig. 6 . In Table 3 , the compilation of the values of kinetic equations parameters for various process conditions is given.
Designated equations were used to determine the activation energy of the process. The calculated value is 181.1 ± 9.5 kJ mol -1 .
Zinc sulphate reduction
Zinc sulphate reduction process was carried out in the temperature range at which there are no zinc oxide reduction processes or reaction between the sulphide and zinc oxide. In the reaction products after the process zinc sulphide and zinc oxide is detectable, occurring in varying proportions depending on the process temperature. The procedure for the analysis of experimental data was similar to that in the case of lead sulphate reduction. The data of the sample mass change were used to calculate the relative mass loss after a specified duration of the process. These results are presented in Fig. 7 . The relationships shown in Fig. 7 indicate a complicated course of the zinc sulphate reduction process. In the curves, there are clearly two different rate ranges of processes. Such a situation occurs for all experimental temperatures, although at higher temperatures it is less visible, and also in the graph the results are given from the time when the sample achieves the set temperature. Also the ratio between the components of the reaction products changes depending on the temperature. Participation of zinc sulphide in reduction products was calculated in the same manner as in the reduction of lead sulphate. This relationship as a function of temperature is shown in Fig. 8 . Interestingly, similar to the case of lead sulphate reduction, a maximum incidence of sulphide product at temperature 873 K is observed. Below and above this temperature, the participation of ZnO in the reaction products increases. This may be caused by the fact that below a temperature of 873 K, the reaction rate of sulphate reduction to sulphide is lower than the rate of the reaction between the sulphide and sulphate, which runs at the phase boundary. At the temperature of 873 K, the reduction reaction rate significantly increases, and above this temperature, the reaction between the sulphide and sulphate dominates.
Conclusions
Performed studies and analysis of the results allow us to draw the following conclusions:
1. A process for the reduction of lead sulphate by hydrogen begins at temperatures of about 823 K, and its rate depends strongly on the temperature. 2. The phase composition of products where there are only PbS and Pb depends on the process temperature, and maximum content of PbS at 923 K is observed. 3. The activation energy of the process is 181 ± 9.5 kJ mol -1 . 4. The process of zinc sulphate reduction by hydrogen also starts at temperatures of about 823 K, and its rate depends strongly on the temperature. 5. Also in the case of zinc sulphate reduction, phase composition of products where there are only ZnS and ZnO depends on the process temperature, and maximum content of ZnS at a temperature of 873 K is observed.
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